Summary Carbon isotope composition (δ 13 C) is a useful surrogate for integrated, plant water-use efficiency (WUE) when measured on plants grown in a common environment. In a variety of species, genetic variation in δ 13 C has been linked to the distribution of genotypes across gradients in atmospheric and soil water. We examined genetic variation for δ 13 C in seedlings of honey mesquite (Prosopis glandulosa Torr.), an invasive grassland shrub that thrives in the southwestern USA. Fifteen maternal families, representing progeny of 15 adult trees, were studied in three common garden experiments in a greenhouse. The 990-km east--west transect along which the adult trees were located encompasses a wide precipitation gradient, and includes mesic grassland, semiarid grassland, and Chihuahuan desert ecosystems. Genetic variation for δ 13 C in mesquite was substantial, with the rank order of half-sib families based on δ 13 C relatively stable across experiments, which were conducted under different environmental conditions. Conversely, rankings of families by mean seedling height (an index of growth rate) varied markedly among experiments. Seedlings derived from Chihuahuan desert adults emerged more quickly and had more negative δ 13 C (indicative of lower WUE) than seedlings derived from the other regions. Although δ 13 C and seedling height were not correlated, these results suggest that mesquite genotypes at the drier, western extreme of the species' range are adapted for quicker emergence and possibly faster growth than genotypes from mesic areas. Together, these traits may facilitate exploitation of infrequent precipitation events.
Introduction
The woody legume honey mesquite (Prosopis glandulosa Torr.) is an aggressive invader of grasslands in the southwestern USA (Burkart 1976 ). This region (central Texas to southcentral New Mexico) encompasses a wide precipitation gradient, with annual precipitation decreasing from east (central TX) to west (south-central NM) from more than 90 to less than 20 cm. The wide range of water availabilities in sites occupied by mesquite suggests that the species possesses significant genetic variation related to water use or water relations. Substantial variation in other traits of honey mesquite has been demonstrated by Felker and associates (Felker et al. 1981 , Duff et al. 1993 ) and others (e.g., Coney 1996) , as has ecotypic variation Peacock 1964, Peacock and McMillan 1965 ).
An important index of water relations is water use efficiency (WUE), defined as carbon gained per unit of water lost to transpiration, with high WUE usually considered beneficial in water-limited environments. A useful surrogate for WUE in C 3 plants like mesquite is stable carbon isotope discrimination (∆). Discrimination is negatively correlated with WUE and is calculated from the stable carbon isotope compositions (δ 13 C) of air and leaves (Farquhar et al. 1989) . Both WUE and leaf δ 13 C are negatively correlated with C i /C a , the ratio of leaf intercellular and ambient CO 2 concentrations, and so are highly dependent on factors that influence stomatal conductance and leaf photosynthetic rate. Although WUE and δ 13 C vary with soil and atmospheric moisture conditions (Farquhar et al. 1989 ), a genetic basis for these traits has been demonstrated in several species (Hall et al. 1994) . Genetic control of ∆ is typically studied in ''common gardens'' where environmental effects on ∆ can be controlled (Farquhar et al. 1989) . In general, plants growing in more arid environments and plants derived from parents growing in such environments have lower ∆ values and hence higher intrinsic WUE than plants of the same species from more mesic environments. Plants for which such a relationship has been found include the desert shrub Hymenoclea salsola Torr. & Gray (Comstock and Ehleringer 1992) and the majority of desert species studied by Ehleringer and Cooper (1988) . However, Read and Farquhar (1991) found that ∆ in species of the genus Nothofagus was inversely related to rainfall at the site of origin. Likewise, Handley et al. (1994) found WUE to be lowest in barley lines originating in the driest regions surveyed. Zhang et al. (1993 Zhang et al. ( , 1995 , working with the forest tree Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), found no relationship between ∆ and precipitation at the site of origin. Intrinsic WUE can increase with precipitation at the site of origin if the distribution of genotypes is more closely related to traits that are negatively correlated with WUE than with WUE itself. One such possibility is potential growth rate, which correlates negatively with WUE in several species (see review by Hall et al. 1994 , also discussed in Ehleringer 1994a, 1994b) . Variation in morphological parameters, like specific leaf area (SLA), can also accompany variation in growth rate and WUE and may reflect underlying relationships between leaf morphology and gas exchange parameters (Schulze et al. 1994 , Syvertsen et al. 1995 . Poorter and Remkes (1990) and Nielsen et al. (1996) report that species with thicker leaves (lower SLA) generally exhibit slower growth than species with thinner leaves. Negative correlations between WUE and SLA, consistent with intrinsic WUE being negatively correlated with growth rate, have been reported in several species (e.g., Araus et al. 1997 , Damesin et al. 1997 ).
Genetic variation for carbon isotope composition in honey mesquite
Here we report δ
13
C values for maternal families of mesquite derived from 15 adult trees from sites ranging from mesic grassland to Chihuahuan desert ecosystems. Our primary objective was to test for genetic variation in intrinsic WUE as assessed by δ 13 C, and to determine whether such variation was correlated with geographic variation in water availability. If genetic variation in intrinsic WUE is important to the distribution of genotypes, the order of genotypes ranked by δ 13 C should not be sensitive to minor changes in environmental conditions. We examined the stability of family rank order on δ 13 C among experiments conducted at different times of the year and, therefore, under different environmental conditions. We focused explicitly on the seedling stage as the most critical period in the survival of the mesquite plant (Gibbens et al. 1992 , and maintained well-watered conditions consistent with the view Richards 1992, Handley et al. 1994 ) that δ 13 C measured in a common environment with ample resources is the best measure of the ''genetic (or adaptive) set point'' for WUE. Finally, we examined relationships between δ 13 C and selected morphological characteristics.
Materials and methods

Location of mesquite trees sampled
Seeds were collected from 15 adult (> 15 years old) mesquite trees in Texas and New Mexico during the summers of 1995 and 1996. Trees (designations in parentheses) were located in mesic grasslands of central TX near Bremond (CT1, CT2) and Temple (CT3 to CT6); in semiarid grasslands of west TX near San Angelo (WT1, WT2) and Ozona (WT3); and in Chihuahuan desert ecosystems near Balmorhea, TX (D1) and at the Jornada Experimental Range north of Las Cruces, NM (D2 to D6). The sampling sites are located along a 990-km east--west transect situated between 30.6 and 32.7° north latitude. Mean annual precipitation decreases from approximately 95 cm in central TX to 20 cm at the Jornada Range.
Plant growth and environmental conditions
Seeds were individually weighed and only those with masses within the range of family mean ± 1 SD were used. Three experiments were conducted, two during 1996 (Experiment 1996-1 planted June 5, Experiment 1996-2 planted August 1) and one in 1997 (planted May 5). Experiments 1996-1 and 1996-2 included seven and nine families of the total of 15 studied, respectively. Experiment 1997 included all 15 families. Family D1 was included in all three experiments. Following mechanical scarification to enhance germination, seeds were planted individually in 25-cm tall plastic cones filled with commercially available potting mix, there being 20 cones per family.
During each experiment, seedlings were supplied with adequate water, fertilized weekly with Hoagland's solution, and grown in an environmentally controlled glasshouse. Light and temperature, CO 2 concentration and dew point temperature of air were monitored to characterize environmental differences between experiments. Differences were expected, because the experiments were conducted at different times of the year. Cones were periodically rearranged to reduce potential effects of variation in incident light. Date of emergence was scored for each seedling as the day on which emerging cotyledons were elevated parallel to the soil surface.
Data collection and analysis
At 30--34 days post-emergence, plant heights (an index of growth) were recorded and, in 1996, the youngest fully expanded leaf was removed. In the 1997 experiment, leaves 5 and 6 were removed for area measurement with a photoelectric meter (Model LI-3000A, Li-Cor, Inc., Lincoln, NE). Leaves were then dried, ground and analyzed for stable carbon isotope composition by Isotope Services, Inc., Los Alamos, NM. Oneliter samples of air from each experiment were analyzed for stable carbon isotope composition by the Stable Isotope Laboratory at the Institute of Arctic and Alpine Research, Boulder, CO. Experimental year and family contributions to variation in seedling height and δ 13 C were analyzed by two-way ANOVA. Multiple pairwise comparisons were analyzed with the Student-Newman-Keuls method or, if data were not normally distributed, the Kruskal-Wallis One-Way Analysis of Variance on Ranks. Within-and among-family correlations were analyzed with the Pearson Product Moment Correlation.
Results
Environmental variation among experiments
Daylight (0700--1900 h CST) CO 2 concentration averaged 349, 353 and 365 µmol mol −1 in 1996-1, 1996-2 and 1997, respectively (mean SD = 16 µmol mol
−1
). Mean daylight dew point temperatures for 1996-1, 1996-2 and 1997 were 17.5, 17.1 and 17.5 °C, respectively (mean SD = 2.0 °C). Mean daylight temperatures for the three experiments were 24.6, 23.1 and 19.8 °C (mean SD = 3.9 °C). Mean temperature maxima were 29.6, 27.9 and 25.8 °C, respectively. Mean incident photosynthetically active radiation (PAR), was 680, 549 and 569 µmol m C was observed both within and among the 15 families of mesquite studied (Table 1) . Individual δ
13
C values ranged from a minimum (most negative) of −32.6 for a seedling of family D1 in 1996-2 to a maximum (least negative) of −26.9 for a seedling of family CT4 in the same experiment. Mean δ 13 C values for half-sib families varied from a minimum of −31.4 for family D1 in 1996-2 to a maximum of −29.2 for family CT4 in 1997. The δ 13 C values for individual plants are means of three measurements per sample, with the mean within-sample range being 0.09.
Year-to-year differences in mean δ 13 C for the seven half-sib families examined in both 1996-1 and 1997 (Table 1) were negligible, so the effect of year on δ 13 C was not significant (P = 0.92). The overall mean for these families was −30.0 in both years. The overall mean for the nine families studied in both 1996-2 and 1997 (Table 1) was lower in 1996 than in 1997 (−31.6 versus −30.2), with the effect of year on δ 13 C being highly significant (P < 0.0001).
Values of air δ 13 C were measured once during each experiment. Values obtained were −9.3 (1996-1), −7.8 (1996-2), and −8.2 (1997). Assuming an ambient δ 13 C value of −9, the ∆ values of the mesquite samples ranged from 19.0 to 24.9. However, because we do not have atmospheric δ 
Morphological variation and seedling emergence
Significant differences among families were observed in timing of seedling emergence, seedling height at the termination of each experiment, and specific leaf area (SLA) measured at the termination of the 1997 experiment (Table 2) . In 1997, mean number of days to seedling emergence ranged from 3.8 to 5.3 days after planting, with an overall mean of 4.7 days. In 1996-1, emergence typically was later by 0.5--1.0 day, whereas in 1996-2, emergence was 0.8--2.0 days earlier (data not shown). Rank order of families based on mean days to emergence was stable between the 1996-1 and 1997 experiments (for between-year correlation of means R = 0.85, P = 0.015), and somewhat stable between 1996-2 and 1997 (R = 0.57, P = 0.11). Differences in mean heights between experiments 1996-1 and 1997 were minor (overall means = 12.8 and 14.1 cm, respectively), but large differences in height were observed between 1996-2 and 1997 (overall means = 8.2 and 15.3 cm). In both experiments, the effect of year on seedling height was highly significant (P < 0.0001). Means of SLA for leaves 5 and 6 in the 1997 experiment ranged from 193 (family WT3) to 234 cm 2 g −1 (family D6) with statistically significant differences among families near the extremes of the range (Table 2) . Correlations among δ 13 C, seedling height, SLA, and days to emergence were not significant when based on half-sib family means. Most within-family correlations among δ 13 C, seedling height, SLA, and days to emergence (1997 data) also were not significant (P < 0.1). However, significant correlations were noted in six families for SLA versus seedling height, in five families for seedling height versus days to emergence, and in Table 1 . Values of δ 13 C for seedlings of 15 maternal families of honey mesquite (Prosopis glandulosa). Listed are the mean annual rainfall at the mother tree's location, and maximum (max), minimum (min), and mean (± one standard deviation) δ (Table 3) . Although such correlations must be viewed with caution, it is notable that for each of these pairs of parameters, all of the significant correlations were in the same direction, with the significant SLA versus days to emergence correlations being positive and the other three sets of correlations being negative. For both δ 13 C versus days to emergence and δ 13 C versus seedling height, one family had a significant positive correlation and one family had a significant negative correlation.
Stability of δ
C-and height-based rankings of families across experiments
Although overall mean heights of seedlings in Experiments 1996-1 and 1997 were similar, rankings of families were not stable (Figure 1) , reflecting a strong year × family interaction. Likewise, rankings were not stable between 1996-2 and 1997 (P < 0.0001 for the effect of year × family interaction in both comparisons). Rankings of families based on δ 13 C values were more stable (Figure 2) , particularly for the seven families examined in both 1996-1 and 1997, where the year × family interaction was not significant (P < 0.066). The year × family interaction for δ 13 C was significant for the 1996-2 versus 1997 comparison (P < 0.0038). The strength of this interaction was primarily a result of the behavior of two families, CT2 and D2, which essentially exchanged ranks between the two experiments, with D2 shifting from the top (least negative) to the middle of the range between 1996-2 and 1997, and CT2 shifting from the middle to the top. The year × family interaction for the other seven families in this comparison was not significant (P = 0.067). Overall, four families (CT4, CT5, CT6, WT3) had consistently less negative δ 13 C values, whereas two families (D1 and D5) consistently clustered near the more negative end of the range.
Differences among families originating from different regions
There were no significant differences in mean seedling height among families from the three regions (calculated from 1997 family means), but SLA was significantly lower for the three families from semiarid grassland (197 ± 4 cm 2 g −1
) than for families from the Chihuahuan desert (218 ± 9 cm 2 g −1 ) or mesic grassland (216 ± 11 cm 2 g −1
). As water availability decreased (mesic grassland to semiarid grassland to Chihuahuan desert), time to seedling emergence and δ 13 C decreased (Table 4, Figure 2 ). Differences between means for the extremes of this ecological spectrum were significant, with the semiarid grassland families falling between the other two groups for both traits. Consistent with this trend, family means (1997) of δ 13 C and time to emergence were significantly correlated with rainfall at the site of origin (data not shown).
Discussion
We examined genetic variation for intrinsic WUE in honey mesquite by determining δ 13 C values of 15 maternal families over three common garden experiments. The presence of substantial variation in δ 13 C was demonstrated both by the wide range of values obtained (−26.9 to −32.6) and by significant differences among half-sib family means. Significant variation among half-sib families was also identified in time to seedling 13.8 ± 1.7 a 13.4 ± 3.1 def 219 ± 12 ab 5.3 ± 0.9 a CT6 13.8 ± 2.1 a 14.0 ± 3.3 de 228 ± 15 a 5.1 ± 0.9 a WT3 13.7 ± 2.1 a 12.4 ± 2.5 ef 193 ± 11 d 4.5 ± 0.8 abc D4
11.5 ± 1.7 b 14.8 ± 1.9 bcde 211 ± 16 abcd 3.8 ± 0.5 c CT5
11.5 ± 1.8 b 16.6 ± 3.0 bc 204 ± 14 bcd 5.1 ± 1.0 a D5 10.9 ± 2.0 b 12.4 ± 2.7 ef 212 ± 20 abcd 4.4 ± 0.8 abc Experiment 2 CT1 9.8 ± 2.1 a 19.1 ± 2.6 a 206 ± 14 bcd 4.5 ± 0.7 abc CT2 9.7 ± 1.5 a 14.3 ± 3.8 cde 210 ± 13 abcd 5.3 ± 0.9 a D1 9.4 ± 2.0 a 15.3 ± 2.6 bcd 216 ± 12 abc 4.7 ± 0.7 abc D6 9.3 ± 2.2 a 12.5 ± 2.0 ef 234 ± 23 a 4.9 ± 0.7 ab D2 8.6 ± 1.7 ab 20.4 ± 3.0 a 202 ± 19 bcd 3.9 ± 0.6 bc CT3
8.1 ± 1.4 ab 17.0 ± 2.5 b 230 ± 16 a 5.3 ± 1.0 a WT1 6.9 ± 1.1 bc 12.2 ± 2.0 ef 206 ± 11 bcd 5.3 ± 0.6 a D3 6.9 ± 1.7 bc 15.5 ± 3.0 bcd 217 ± 16 abc 4.0 ± 0.7 bc WT2 5.3 ± 0.9 c 11.0 ± 2.1 f 200 ± 15 cd 4.8 ± 1.1 ab emergence, SLA, and seedling height at 30 days post-emergence. The dry mass, excluding the seed coat, of a newly emerged seedling is typically 0.02--0.03 g, whereas seedling dry mass at 30--35 days post-emergence is typically 0.8--1.2 g (Tischler and Pennington unpublished data). Thus, because seedling photosynthate constitutes > 95% of seedling dry mass at 30--35 days, differences in the carbon isotope composition of maternal photosynthate cannot account for the differences observed in δ
13
C values of seedling leaves. On the other hand, because seeds from which these seedlings were derived matured in different environments, a site of origin influence on seedling characteristics cannot be entirely ruled out.
Despite between-year variation in environment, δ
C values were generally stable, both in terms of the means and family ranking. The stability of δ 13 C in mesquite is in agreement with previous work showing across-year stability of δ 13 C in new leaves of individual Juniperus, Pinus, and Quercus plants (Williams and Ehleringer 1996) , of ∆ in plants of the desert shrub Chrysothamnus nauseosus (Pall.) Britt. (Donovan and Ehleringer 1994a) , and of overall mean δ 13 C values in a variety of boreal and crop plants (Hall et al. 1994 , Brooks et al. 1997 ).
However, Masle et al. (1993) found that, in some Arabidopsis thaliana (L.) Heynh. lines, environmental parameters strongly influence ∆. Lower values of δ 13 C in 1996-2 relative to the other two experiments could be the result of a difference in air δ 13 C, a possibility that we cannot test because we do not have integrated values of δ 13 C for air. Within four to six families there were significant correlations between SLA and seedling height, seedling height and days to emergence, δ 13 C and SLA, or SLA and days to emergence. The finding that the polarities of these correlations were similar within a specific comparison suggests underlying relationships among parameters. The negative correlations between seedling height and days to emergence, with earlier emerging seedlings achieving greater height, may reflect a mutual dependence of both parameters on genetic factors conditioning growth rate. The consistently negative correlations between SLA and δ 13 C are in agreement with previous results (e.g., Masle and Farquhar 1988 , Araus et al. 1997 , Damesin et al. 1997 . However, the significant correlations we observed between SLA and both seedling height (negative) and days to emergence (positive) suggest a link between thicker leaves and faster growth rates, the opposite of the general relationship noted by Poorter and Remkes (1990) and Nielsen et al. (1996) , and reported for upland and lowland Poa species (Atkin et al. 1996) . On the other hand, the failure to find significant correlations in the majority of half-sib families shows that the genetic bases of these traits and their interactions are complex and easily obscured.
In all three experiments, seedlings derived from trees in mesic grasslands of central TX tended to emerge more slowly, and to have less negative δ 13 C values (indicative of both lower ∆ and higher WUE) than seedlings derived from trees at the drier western locations. Although perennial plants having a genetic origin in drier environments often have higher WUE than plants of the same species having a genetic origin in wetter environments Cooper 1988, Comstock and Ehleringer 1992) , instances where no relationship between precipitation and δ 13 C was detected (Zhang et al. 1993 (Zhang et al. , 1995 or where the typical negative relationship between precipitation and δ 13 C was reversed have been noted (Read and Farquhar 1991 , Handley et al. 1994 , Lauteri et al. 1997 . Because both rainfall and humidity strongly influence stomatal conductance, and thus C i /C a , differences in the seasonality of rainfall as well as non-concordance between precipitation and humidity gradients can confound efforts to link variation in intrinsic WUE to rainfall gradients. For our sampling sites, the gradient in growing season humidity closely follows that in mean annual precipitation, so we did not incorporate other climatic factors into our analysis.
Mesquite forms a long tap root as it develops, allowing juvenile and adult plants to utilize deep water sources inaccessible to plants with shallow roots systems. It is tempting to speculate that the low δ 13 C values (low WUE) observed in the half-sib families from the drier, more western locations reflect a relative freedom of mesquite from selection pressure based on water availability. Mesquite may be subjected to intense selection as seedlings before the tap root has reached deep water. The evolutionary and ecological importance of WUE in mesquite cannot be dismissed, therefore, solely on the basis of the phreatophytic nature of large plants. One possible explanation for positive correlations between intrinsic WUE, as measured by δ 13 C, and rainfall would be a negative correlation between WUE and growth rate. Based on the quicker emergence of seedlings of the western half-sib families, we hypothesize that the more westerly mesquites have adapted to germinate and grow faster as a means of utilizing infrequent rainfall events. This view is supported by the negative withinfamily correlations between seedling height and days to emergence and by the generally more negative mean δ 13 C values (indicating lower WUE) in those half-sib families with quicker emergence times. Confounding this view is our failure to detect any correlation between seedling height and δ
C either among or within half-sib families. Thus, elucidation of the relationship between genetic factors influencing δ 13 C and potential growth rate will require further experimentation.
We have shown that significant genetic variation exists in mesquite for δ 13 C and that the order of genotypes ranked on this character is relatively stable, whereas rankings by seedling height are not. Further, we have shown an apparent link between this variation and the precipitation gradient, as well as between the precipitation gradient and variation in seedling emergence. Thus, although it is apparent that (1) within-population genetic variation in mesquite is such that individual populations possess a high degree of phenotypic versatility and (2) a variety of factors including human activities (see Brown and Archer 1989) facilitate seed dispersal and genetic flow between regions, these results indicate that geographical distribution of mesquite genotypes may be substantially influenced by climatic factors. Table 4 . Values of δ 13 C and days to seedling emergence for families of honey mesquite (Prosopis glandulosa) derived from adult trees in different regions. Values given are means (± one standard deviation) of half-sib family means for the 1997 experiment. Means followed by the same letter were not significantly different (P = 0.05). 
